Introduction
============

MicroRNAs (miRNAs) are short noncoding RNA molecules (approximately 19--24 nucleotides) that function in RNA silencing and post-transcriptional regulation of gene expression.[@cit1]--[@cit4] Increasing research evidence has indicated that the dysregulated expression of specific miRNAs is closely associated with the occurrence and development of different cancers and many other pathological conditions.[@cit5]--[@cit7] For instance, miRNA-21 (miR-21) is considered as an oncogene and is upregulated in various cancer cells.[@cit8]--[@cit10] Therefore, miRNAs have been extensively used as viable biomarkers for disease diagnosis, therapy and prognosis, which is expected to be of great clinical significance. In the past two decades, a mass of detection techniques have been developed for miRNA profiling following extraction from cell lysate, such as northern blotting, DNA microarray, and quantitative RT-PCR (qRT-PCR).[@cit11] However, detection of average miRNAs in cell populations cannot reveal the cell-to-cell variations. Thus, *in situ* detection of miRNAs in live cells would be highly desirable.

Due to the low abundance of miRNAs in cells, an efficient amplification strategy is imperative for miRNA imaging. For example, Yin *et al.* developed rational engineering of a dynamic, entropy-driven DNA nanomachine for intracellular miRNA imaging.[@cit12],[@cit13] Weizmann *et al.* described a cascade hybridization reaction for amplified live cell miRNA imaging.[@cit14] We recently reported gold nanoparticle based DNAzyme probes for intracellular miRNA detection.[@cit15],[@cit16] In addition, the catalytic hairpin assembly (CHA) reaction is a kind of nonenzymatic DNA catalytic amplification technique, where DNA hairpins act as catalytic energetic traps that can be activated by an initiator strand to yield complex nanostructures through a free-energy-driven isothermal autonomous process, leading to stable duplex DNA nanoscale assemblies.[@cit17],[@cit18] In the past decade, CHA has been widely used to amplified detect various DNAs and RNAs.[@cit19]--[@cit25] Recently, due to its nonenzymatic and isothermal features, CHA has been developed to amplified sense specific mRNA in live cells.[@cit26] However, at least two problems need to be solved. Firstly, the DNA probes cannot freely traverse plasma membranes into live cells. Secondly, the kinetics of CHA depends on the diffusion of free DNA hairpins and is relatively slow (approximately several hours).

Recently, various models have been described showing that confining successive reactants together in a compact space maintains high local concentrations of reagents and accelerates reactions.[@cit27]--[@cit33] Meanwhile, we found that the self-assembled DNA nanowires possessed cell membrane permeability, which could serve as cellular delivery carriers.[@cit34],[@cit35] Combining the above facts, here, we designed a self-assembled DNA nanowire based localized catalytic hairpin assembly (LCHA) for intracellular miR-21 imaging. As illustrated in [Scheme 1](#sch1){ref-type="fig"}, the DNA nanowire with multiplex footholds is generated by alternating hybridization between L1 and L2. Then, H1 and H2 alternately nucleate at the corresponding footholds, respectively. H1 is a self-quenched hairpin structure by labeling with FAM and BHQ1 at appropriate positions, and recovered fluorescence upon hairpin opening. H2 is another hairpin structure anchored at the DNA nanowire adjacent to H1. In the absence of target miR-21, two metastable hairpins, H1 and H2, remain intact, since their cross-reactivity is effectively blocked by intramolecular hybridization. However, in the presence of target miR-21, these two metastable hairpins are catalyzed to undergo a CHA amplification reaction to form numbers of duplexes, in which the fluorescence of H1 would be recovered with amplified signal gain. In this case, The DNA nanowire, composed of L1 and L2, plays two important roles. One is to confine H1 and H2 in a compact space and increase the local concentrations for the CHA reaction. The other is to deliver probes across the cell membrane into the intracellular space without the usage of exotic transfection reagents. Therefore, it created a simple and promising detection system for intracellular RNA imaging.

![Working principle for *in situ* detection of miR-21 by the LCHA method. (A) The LCHA system is composed of L1, L2, H1 and H2. (B) The scheme of amplified detection of the intracellular target by LCHA.](c8sc02943a-s1){#sch1}

Results and discussion
======================

The proposed system was first studied by gel electrophoresis. As shown in [Fig. 1](#fig1){ref-type="fig"}, the results of lane 1--4 showed that the CHA could happen only in the presence of H1, H2 and the target (T). It could be observed that there was only one band respectively in lane 1--3 when T was absent, indicating that no CHA occurred. Upon comparison, a new band appeared and the old band disappeared in lane 4 when T was added, suggesting that the CHA had taken place and formed the H1--H2 complex. In the CHA system, T was re-used until the supply of H1 and H2 was exhausted. The results of lane 5--10 indicated that a DNA nanowire could be formed and hairpins could be fixed at the nanowire. It could be shown that the band in lane 5--8 was due to the L1, L2, H1 and H2 monomers, respectively. The high molecular weight products of lane 9 indicated that the nanowire might be formed by a mixture of L1 and L2. Further, the higher molecular weight products of lane 10 suggested that H1 and H2 nucleate at the nanowire, respectively. The DNA nanostructure was also characterized by atomic force microscopy (AFM) (Fig. S1[†](#fn1){ref-type="fn"}). The DNA nanostructures had been considered to protect themselves from nuclease degradation.[@cit34]--[@cit38] Here, the stability of LCHA was evaluated by measuring the fluorescence recovery of the fluorescence signal from self-quenched H1 in LCHA upon treatment with cell lysate over 8 h, which was much less than the free H1 (Fig. S2[†](#fn1){ref-type="fn"}), indicating that the LCHA structure had the ability to protect H1 from nuclease degradation during intracellular delivery.

![Agarose gel (2%) electrophoresis image of the DNA nanostructure self-assembly and CHA.](c8sc02943a-f1){#fig1}

Before the fluorescence test, we optimized the ratio of H1 and H2 (Fig. S3[†](#fn1){ref-type="fn"}), and the types of buffer (Fig. S4[†](#fn1){ref-type="fn"}). The results suggested that the best signal-to-background effect was achieved when the ratio of H1 : H2 is 1 : 1, and the buffer is Tris--HCl. The *in vitro* response to target miR-21 was studied in the buffer for comparing LCHA and CHA. The results showed that the LCHA had about a 1.5 times higher fluorescence signal than the CHA, in the presence of the same concentration of target miR-21 (Fig. S5[†](#fn1){ref-type="fn"}). This suggested that the LCHA might be more sensitive than the CHA. To study the acceleration of LCHA, we carried out the time-dependent fluorescence analysis in homogeneous solution between LCHA and CHA. The fluorescence recovery from self-quenched H1 was measured for over 400 min in response to 20 nM miR-21 activation. As shown in [Fig. 2](#fig2){ref-type="fig"}, compared with CHA, the LCHA resulted in faster fluorescence enhancement with the same concentration of target miR-21. But a fluorescence signal was barely detected from both systems in the absence of miR-21. The completion time for LCHA was about within an hour, which is 5 times shorter than that of CHA. Meanwhile, the fluorescence intensity of LCHA was about 1.5 times higher than that of CHA, which is similar to the result shown in Fig. S5.[†](#fn1){ref-type="fn"} Thus, the LCHA could shorten the reaction time and increase the sensitivity.

![Time-dependent fluorescence spectra of the CHA and LCHA in response to 20 nM miR-21.](c8sc02943a-f2){#fig2}

The amplification efficiency of LCHA was compared to those of the CHA and H1-target reaction without amplification through *in vitro* detection of target miR-21 by measuring the FAM fluorescence recovery from self-quenched H1 upon 1 hour incubation. The results shown in [Fig. 3(a, d, and g)](#fig3){ref-type="fig"} demonstrated the fluorescence spectra of LCHA, CHA and H1 in response to various concentrations of miR-21, respectively. The results shown in [Fig. 3(c, f, and i)](#fig3){ref-type="fig"} are their corresponding calibration curves, respectively. The limit of detection (LOD) is defined as the concentration of the target that yields a net signal equivalent to three times the standard deviation of a series of replicates of the background. The LOD of LCHA, CHA and H1 was calculated to be 2.0 pM, 23.6 pM and 1.3 nM, respectively. In contrast, the LOD for LCHA was about 11.8-fold lower than that of CHA and 650.0-fold lower than that of H1.

![Fluorescence spectra of LCHA (a and b), CHA (d and e) and H1 (g and h) in response to miR-21 at various concentrations and their corresponding calibration curves (c, f and i) in a low concentration range. The data error bars indicate mean ± SD (*n* = 3).](c8sc02943a-f3){#fig3}

The specificity of the proposed LCHA was also investigated with other control miRNAs, including miR-200b, miR-429 and let-7d. By reacting with the LCHA, these control miRNAs all showed low fluorescence responses, close to that of the blank control (Fig. S6[†](#fn1){ref-type="fn"}). The fluorescence intensity of the LCHA in response to 20 nM miR-21 is about 7.0 times that of control miRNAs at the same concentration. The results indicated that the specificity of the LCHA was high enough to discriminate between the three control miRNAs, and demonstrate potential with regard to application in complex cellular environments.

To apply the LCHA system for imaging miRNA in live cells, the biocompatibility and cellular uptake of the DNA nanowire structure are main concerns. MTT assays were carried out to evaluate the potential cytotoxicity of the nanowire in HeLa cells. It was observed that cells could retain above 90% viability after the treatment of the nanowire at concentrations of up to 200 nM (Fig. S7[†](#fn1){ref-type="fn"}). We next investigated whether the nanowire could enter the cells. According to the literature,[@cit8]--[@cit10] a HeLa cell contains a higher expression level of miR-21 and a L02 cell with a minimal level of miR-21. Therefore, we chose a HeLa cell as a positive cell and an L02 cell as a control cell. Following incubation with the LCHA with HeLa and L02 cells, the FAM fluorescence of the LCHA in response to miR-21 was monitored in live cells (Fig. S8[†](#fn1){ref-type="fn"}). For HeLa cells, the fluorescence signal gradually increased according to the incubation time and reached saturation at 3 h. For L02 cells, the fluorescence signal cannot be observed until 4 h. The result is similar to our flow cytometry analysis (Fig. S9[†](#fn1){ref-type="fn"}), as well as our previous study.[@cit34] To further study the distribution of the LCHA system inside cells, a nucleus dye was used to stain the nucleus of the cells. The results (Fig. S10[†](#fn1){ref-type="fn"}) showed that the FAM fluorescence comes from the cytoplasm, ensuring they have the chance to approach the cytoplasmic miRNAs.

To demonstrate the application of the proposed LCHA strategy for signal amplification of intracellular miR-21 imaging, HeLa cells were incubated with the LCHA, CHA and H1, respectively. The results ([Fig. 4](#fig4){ref-type="fig"}) showed that the cells with the LCHA had much brighter fluorescence than those with both the CHA and H1, which suggested the highly catalytic amplification ability of LCHA for intracellular miR-21 imaging.

![Confocal fluorescence images of HeLa cells incubated with the medium, H1, CHA, and LCHA system, respectively. Scale bar is 20 μm.](c8sc02943a-f4){#fig4}

The ability of the LCHA to identify the changes of miR-21 expression level in HeLa cells was then studied. Here, the HeLa cells were separated into three groups in parallel. Group one was transfected in advance with the anti-miR-21 sequence, which was used to inhibit the miR-21 expression level. Group two was transfected in advance with the miR-21 mimic sequence, which was used to increase the target sequence in cells. Group three was an untreated group and served as a control. As shown in [Fig. 5](#fig5){ref-type="fig"}, the FAM fluorescence intensity is lower in the anti-miR-21 treated cells and higher in the miR-21 mimic treated cells compared to that in untreated cells. These results indicated that the LCHA system is capable of sensing changes in miRNA expression levels in live cells.

![Confocal fluorescence images of HeLa cells incubated with the LCHA after being transfected with anti-miR-21 (top) and miR-21 mimics (bottom), respectively. Scale bar is 20 μm.](c8sc02943a-f5){#fig5}

Because miR-21 is considered as an oncogene and is upregulated in various cancer cells,[@cit8]--[@cit10] besides HeLa cells, HepG2 and MCF-7 cells were also selected to test the specificity of the LCHA. As shown in [Fig. 6](#fig6){ref-type="fig"}, the strong fluorescence signals for miR-21 in HeLa, HepG2 and MCF-7 cells were observed, and almost no fluorescence signal in L02 cells was detected. These results were consistent with the results of another conventional technique qRT-PCR (Fig. S11[†](#fn1){ref-type="fn"}) and further indicated that the signals of the LCHA correlated very well with the levels of miRNA expression.

![Confocal fluorescence images of four kinds of cells (HeLa, HepG2, MCF-7 and L02 cells) incubated with the LCHA system. Scale bar is 20 μm.](c8sc02943a-f6){#fig6}

Conclusions
===========

In summary, we have developed the LCHA strategy for intracellular miR-21 imaging by using DNA nanowires confining both hairpin probes in a compact space. Compared to the conventional CHA strategy, the LCHA has its own advantages. First, it significantly shortens the reaction time from several hours to within one hour. Second, it enhances the sensitivity down to 2.0 pM. Third, the DNA nanowire can traverse plasma membranes into live cells without the usage of exotic transfection reagents. Fourth, the DNA nanowire structure has the ability to protect itself from nuclease degradation and enhances its stability. We anticipate that this design can be widely applied in facilitating basic biomedical research, and disease diagnosis.

Experimental section
====================

Chemicals and materials
-----------------------

The oligonucleotides used in this work (Table S1[†](#fn1){ref-type="fn"}) were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The oligonucleotides were purified by high-performance liquid chromatography (HPLC). All aqueous solutions were prepared using DEPC-treated ultrapure water (≥18 MΩ, Milli-Q, Millipore). SYBR Gold was obtained from Invitrogen (USA). All cell lines were obtained from the Cell Bank of the Committee on Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cell medium RPMI 1640 was purchased from Clontech (Mountain View, CA).

Apparatus
---------

The fluorescence spectra were measured using a Hitachi F-7000 fluorescence spectrometer (Japan). Confocal laser scanning microscopy (CLSM) studies were performed using an Olympus IX-70 inverted microscope with an Olympus FluoView 500 confocal scanning system. The flow cytometry analysis was performed using a Gallios machine (Beckman Coulter, USA).

Preparation of buffers
----------------------

20 mM HEPES (pH = 7.4): 20 mM HEPES, 5.4 mM KCl, 274 mM NaCl; 10 mM PBS (pH = 7.4): 137 mM NaCl, 2.7 mM KCl, 10 mM NaH~2~PO~4~·2H~2~O; 20 mM Tris--HCl (pH = 7.4): 20 mM Tris-base, 137 mM NaCl; SPSC (pH 7.5): 1 M NaCl, 50 mM Na~2~HPO~4~.

Preparation of the DNA nanoprobe
--------------------------------

The DNA nanoprobe consists of four single-stranded oligonucleotide strands (L1, L2, H1, and H2). After L1 and L2 were annealed in Tris--HCl buffer at 95 °C for 5 min and cooled to room temperature over 4 h, the DNA nanoprobe was prepared by mixing a mixture of L1 and L2, 10 μL of 1 μM H1, and 10 μL of 1 μM H2 for 3 h at 37 °C.

Gel electrophoresis experiments
-------------------------------

Successful formation of DNA nanowires and the CHA was verified by 2% agarose gel electrophoresis. 10 μL reaction sample, 2 μL 6× loading buffer, and 2 μL of SYBR Gold were subjected to the 2% agarose gel electrophoresis. The gel was run in 1× TBE buffer at a constant voltage of 80 V for 1 h.

Stability assay of the DNA nanoprobe
------------------------------------

The solutions of 1 μM DNA nanoprobe and H1 were spiked with HeLa cell lysate, respectively, to a final concentration of 100 nM in cell lysate. Both solutions were incubated at 37 °C for 8 h, and the FAM fluorescence signals were measured every hour at 525 nm with 488 nm excitation. HeLa cell lysate was obtained as follows: first, the HeLa cells were cultured for 24 h in a humidified incubator, and then the cells were broken using an ultrasonic cell crusher in about 5 min, and the lysate was used as is without centrifugation. The cell lysate was then immediately used for the stability assay of the DNA nanoprobe.

*In vitro* fluorescence experiments
-----------------------------------

Different concentrations of the target miR-21 were added to the DNA nanoprobe solutions, respectively. After reaction at 37 °C for 1 h, the fluorescence of FAM was collected between 500 and 650 nm by use of excitation at 488 nm. The slit width was set to be 5 nm for the excitation and 5 nm for the emission. For comparison of the amplification effects, the traditional CHA was performed by mixing H1 and H2 with miR-21 under the same conditions. In the kinetic study, miR-21 of 20 nM was employed. It was performed at 37 °C with a 488 nm excitation wavelength. For the selectivity test, certain concentrations of miR-21, miR-429, miR-200b, and let-7d stock solutions were added to the solutions with a final concentration of 20 nM. The measuring processing was the same as above.

Cell culture
------------

HeLa cells, HepG2 cells, MCF-7 cells, and L02 cells were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum, 100 U mL^--1^ of 1% penicillin and streptomycin solution, and cultured at 37 °C in a humidified incubator containing 5% CO~2~ and 95% air.

Confocal fluorescence imaging
-----------------------------

All HeLa cells were seeded into a confocal dish for 24 h at 37 °C and then incubated with 200 μL culture medium containing 100 nM probe for 3 h at 37 °C. After washing twice with PBS, the fluorescence of cells was visualized from 505 to 525 nm with the excitation wavelength of 488 nm for FAM. And the fluorescence of cells was visualized from 450 to 470 nm with the excitation wavelength of 405 nm for Hoechst dye. All cells were observed under an Olympus IX-70 inverted microscope with an Olympus FluoView 500 confocal scanning system. The fluorescence images were presented after processing using Image Pro plus 6.0 software and ImageJ version 1.38× software. To detect the dynamic changes of miR-21 in cells, two groups of HeLa cells were pretreated with anti-miR 21 (300 nM) and miR-21 mimics (300 nM) for 1 h, respectively. One group of cells without treatment served as the control. Other steps were performed in the same way as described above.

Flow cytometry assay
--------------------

HeLa cells and L02 cells were cultured with the probe (100 nM) in culture media for 3 h. Then the cells were washed with PBS (pH = 7.4) three times and detached from the culture plate by trypsin--EDTA solution. Next, the suspended cell solution was centrifuged at 2000 rpm for 5 min and washed with PBS three times. Finally, the cells were resuspended in PBS for flow cytometric analysis on a Beckman Coulter Gallios machine at 488 nm excitation.

Cytotoxicity assay
------------------

HeLa cells were seeded in 96-well plates at a density of 1 × 10^6^ cells per well and a total volume of 200 μL per well. After overnight incubation, the medium was removed, and the HeLa cells were washed twice with PBS and incubated with serial concentrations of the probe for 3 h. Cells incubated with only the medium served as the control. Then, 20 μL of MTT solution (5 mg mL^--1^ in PBS) and 180 μL of serum-free medium were added to each well with incubation at 37 °C for 4 h. Finally, 150 μL of DMSO was added to dissolve the precipitated violet formazan crystals. The cell viability was determined by measuring the absorbance at 490 nm using a multidetection microplate reader.

qRT-PCR
-------

Total cellular RNAs were extracted from HeLa cells, HepG2 cells, MCF-7 cells, and L02 cells respectively, using Trizol reagent (Sangon Co. Ltd., Shanghai, China) according to the manufacturer\'s instructions. The cDNA samples were prepared by using the reverse transcription (RT) reaction with an AMV First Strand cDNA Synthesis Kit (BBI, Toronto, Canada). qPCR analysis of miRNA was performed with SG Fast qPCR Master Mix (2× BBI), according to the indicated protocol on an LightCycler480 Software Setup (Roche). The relative expression of miR-21 was calculated using the 2^--ΔΔ*C*~t~^ method.
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